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Using wave function matching approach and employing the Landauer-Buttiker formula a ferro-
magnetic graphene junction with temperature gradient across the system, is studied. We calculate
the thermally induced charge and spin current as well as the thermoelectric voltage (Seebeck ef-
fect) in the linear and nonlinear regimes. Our calculation revealed that owing to the electron-hole
symmetry, the charge Seebeck coefficient is, for an undoped magnetic graphene, an odd function of
chemical potential while the spin Seebeck coefficient is an even function regardless of the tempera-
ture gradient and junction length. We have also found with an accurate tuning external parameter,
namely the exchange filed and gate voltage, the temperature gradient across the junction drives a
pure spin current without accompanying the charge current. Another important characteristic of
thermoelectric transport, thermally induced current in the nonlinear regime, is examined. It would
be our main finding that with increasing thermal gradient applied to the junction the spin and
charge thermovoltages decrease and even become zero for non zero temperature bias.
PACS numbers: 72.25.Fe, 78.67.Wj, 81.05.ue, 85.75.-d
I. INTRODUCTION
There is a fast growing attention to graphene because it
has a rich potential not only from the fundamental side
but also from the applied point of view1–3. Graphene
is a single layer of carbon atoms arranged in a two-
dimensional honeycomb lattice4,5. The study of its elec-
tronic properties has recently found great interest6–9 in
part owing to the peculiar features of its energy band-
structure. Within a tight-binding model, graphene’s
valence and conduction bands touch each other at six
different points, the K-points, which reduce to two, K
and K ′, because the symmetry analysis show the rest
are equivalent. Near these points and at low excita-
tions, electrons behave as massless fermions traveling at
fixed velocity vF ∼ 106m/s, independent of their en-
ergy. Graphene has many important features of appli-
cations: it shows gate-voltage-controlled carrier conduc-
tion, high field-effect mobilities and a small spin-orbit
interaction.10,11.
In recent years, the well known thermoelectric effects
have gain great of attention due to their crucial rele-
vance in mesoscopic and nanoscopic systems.12,13. On
the one hand, the studies can be helpful technologically in
managing the generated heat in nanoelectronic devices.
On the other hand, investigations about thermoelectric
effects in mesoscopic regimes are of fundamental inter-
est for condensed matter physicists. The thermoelec-
tric properties of graphene have been also studied both
experimentally and theoretically with special focus on
the charge neutrality (the Dirac) point14–25. One of the
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FIG. 1: (Color online) (a) A schematic diagram of
normal/ferromagnetic/normal graphene junction. The length
of the central region, the ferromagnetic graphene, is L. Elec-
tronic transport is activated with a temperature gradient ∆T
between the two hot and cold electrodes. (b) and (c) are pic-
torial illustration of two up and down spin subbands shift of
the magnetic graphene. (b) The two spin subbands are lo-
cated in the conduction band. (c) One of the spin subband,
here up spin, is located in the conduction band and the down
spin is shifted to the valance band.
key findings has been the sign change of the thermoelec-
tric power across the Dirac point when the carriers type
switches from electron to hole, accompanied by the en-
hancement behavior of Seebeck coefficient.17.
Beginning in the late 1980s the field of spintronics
emerged which focuses on the characteristic of spin-
dependent transport and its coupling to the charge26–28.
Along with the fast developing and high demanding in-
terest in this field, the seminal work of Johnson and
Silsbee displayed that, in spintronic and magnetic de-
vices, heat currents can couple to the spin currents
and also the charge currents29. Moreover, some suc-
ceeding unexpected experimental achievements of spin
Seebeck effects30–33, attracted great attention to study
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2the thermoelectric and spintronic effects together which
steer to the introduction of a new research field, spin
caloritronics34,35.
In this paper, we consider nor-
mal/ferromagnetic/normal graphene junctions where a
gate electrode is attached to the ferromagnetic graphene
(see Fig. 1-a). We study the combination of charge,
heat and spin transport in graphene in the context
of spin caloritronics and spin-dependent thermoelec-
tric phenomena. We have found with an accurate
tuning external parameter, namely the exchange filed
(H) and gate voltage (U), the temperature gradient
across the junction drives a pure spin current without
accompanying the charge current.
In Fig. 1-(b) and (c), we show schematically two pos-
sible situations, namely U > H and U < H, respec-
tively. Depends on the gate voltage magnitude (through-
out the present work, we choose U ≥ 0), the Fermi en-
ergy level (both degenerate up and down spin subbands)
shifts away from the neutrality point to the conduction
band. So the competition between exchange filed and
gate voltage plays an important role, in which tuning
the exchange filed shifts the two up and down spin sub-
bands in different ways and two possible situations are
predicted.
The paper is organized as follows. In section (II), we
summarize the model, Hamiltonian and formalism. In
section (III), we present our numerical results. Finally,
conclusion is given in section IV.
II. COMPUTATIONAL SCHEME
The fermions around Fermi level in graphene can be
defined by a massless relativistic Dirac equation. The
Hamiltonian is given by
H± = vF (ρxkx ± ρyky) (1)
with the Pauli matrices ρx and ρy and the velocity
vF ∼ 106m/s in graphene. The Pauli matrices act on
the two sublattice of the honeycomb structure. The ±
sign refers to the two valleys of K and K ′ points in the
first Brillouin zone. Moreover, the valley degeneracy per-
mits one to consider one of the H± set. A two dimen-
sional normal/ferromagnetic/normal graphene junction
is considered where an external transverse electric field is
applied to a part of graphene sheet to make it ferromag-
netic partially36. Using the first-principles calculations
authors in ref.[37] has shown that an applied in-plane
homogeneous electric fields across the graphene nanorib-
bons, can induce half-metallic properties. Besides the
applied electric field, recently it has been shown that
placing graphene on an insulating ferromagnetic sub-
strate made of yttrium iron garnet (YIG) can make the
graphene ferromagnetic while leaving its electronic prop-
erties unchanged38. A gate electrode is also attached to
the ferromagnetic graphene.
The interfaces are parallel to the y-axis and located at
x = 0 and x = L (see Fig. 1-a). Since there is a valley
degeneracy, one can focus on the Hamiltionian H+ with
H+ = vF (ρxkx + ρyky) − V (x), where V (x) = µF in
the normal graphenes and V (x) = µF + U − σH in the
ferromagnetic graphene. Here, µF = vF kF is the Fermi
energy, U is the chemical potential shift tunable by the
gate voltage, and H is the exchange field. σ = ± signs
correspond to majority and minority spins. The spin
dependent band then follows as εσ = vF (k−kF )−U−σH.
The wave-functions are given by
ΨL = Ψ
+
L +a±Ψ
−
L , ΨM = b±Ψ
+
L + c±Ψ
−
M ,ΨR = d±Ψ
+
R
(2)
with
Ψ±L =
(
1
±e±iθ
)
e±ipx cos θ+ipyy
Ψ±M =
(
1
±e±iθ′
)
e±ip′x cos θ
′+ipyy
Ψ±R =
(
1
e±iθ
)
e±ipx cos θ+ipyy (3)
where ψL,(R) demonstrates the wave-function in the left
(right) normal graphene while ΨM is the wave-function
in the ferromagnetic graphene, with angles of incidence θ
and θ′, p = (E+µF )/vF and p′± = (E+µF +U±H)/vF .
Using the translational symmetry in the y-direction of
the junction, one can show the momentum parallel to
the y-axis is conserved: py = p sin θ = p′ sin θ′.
By matching the wave functions at the interfacesΨL =
ΨM at x = 0 and ΨM = ΨR at x = L, we obtain the
coefficients in the wave-functions. The transmission co-
efficient has the form
dσ =
e−ipl cos θ
cos(p′σl cos θ′)− i sin(p′σl cos θ′)[ 1−sin θ sin θ′cos θ cos θ′ ]
which can be used to calculate the total transmission
probability τσ = |dσ|2. Now having the transmission
probability, the current can be written as
Iσ =
e
~
∫
dEN(E)
∫
dθ cos θτσ
[
fLσ(E)−fRσ(E)
]
(4)
where N(E) = |E−µF |W~vF , W is the width of the graphene
sheet, is the carrier density of state (DOS). fασ(E) =
1
1+e[(E−µασ)/kBTα] with α = L,R are the Fermi-Dirac dis-
tribution function in each contact with spin σ. Defining
the electrochemical potential as µασ = µF + eVασ where
Vασ is the voltage in contact α with spin σ which accounts
for possible population imbalances between different spin
subbands.
Employing the linear response assumption, i.e.,TL ≈
TR = T , we obtain the spin resolved thermopower
Sσ = − 1
eT
L1,σ
L0,σ
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FIG. 2: (Color online) Charge and spin thermopower (left
and right top panels, respectively) and corresponding figures
of merit (left and right bottom panels, respectively) are given
as a function of exchange field H/µF for different kBT/µF .
We fix other parameters as kFL = 1 and U/µF = 2. The
Seebeck coefficient is measured in units of (kB/e).
with Ln(=0,1)σ =
1
~
∫
dE(E − µ)nN(E) ∫ dα cosαTσ[ −
∂Ef(E)
]
. The charge and spin thermopowers Sc and Ss
are calculated as Sc =
S++S−
2 and Ss = S+ − S−. The
charge and spin figures of merit for a magnetic system
can be defined versus Seebeck coefficients as below,
Zch(sp)T =
Gch(sp)S
2
ch(sp)T
κ
where Gch = G+ + G−(Gsp = |G+ − G−|) denotes
charge(spin) conductivity with Gσ = e
2L0,σ and the
thermal conductivity is given by κ = κ+ + κ−. We con-
centrate in low enough temperatures where only electrons
contribute effectively in thermal transport and at this
regime spin dependent kσ reads by definition,
κσ =
1
T
(
L2,σ −
L21,σ
L0,σ
)
In this work, we will not consider the phonon contri-
bution in the thermal conductivity. The main contri-
bution of κph would lead to a smaller figures of merit
because it enhances the denominator of ZT . So the
charge and spin thermopower will not be affected with
the presence of phonon. Furthermore, It has been re-
ported that at low temperature the thermal conductiv-
ity of phonon decreases with temperature in a power-law
fashion (κph ∝ T 1.68), while the thermal conductivity of
electrons shows a linear behavior (κel ∝ T )39,40. More-
over, in Ref.[41], has been shown that the thermal conduc-
tivity of phonon decreases with length. It is also worth
mentioning that the temperature dependent have been
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FIG. 3: (Color online) Charge and spin thermopower (left
and right top panels, respectively) and corresponding figures
of merit (left and right bottom panels, respectively) are given
as a function of exchange field H/µF for different kBT/µF .
We fix other parameters as kFL = 10 and U/µF = 2. The
Seebeck coefficients are measured in units of (kB/e).
reported for graphene with L = 10µm which is at least
ten times bigger than what we consider in this work. So
at low temperature (T ≤ 10K) and with length (≤ 1µm)
the thermal conductivity of electrons has a dominant con-
tribution than the thermal conductivity of phonon.
III. NUMERICAL RESULTS
We present the numerical results for both linear and
nonlinear regimes separately. When ∆θ = TL − TR 
TL,R (TL,R are the temperatures of the left and right
electrode, respectively) the system acts within the lin-
ear in temperature regime. In this regime, the ther-
mopower characterizes the efficiency of energy conver-
sion along with the thermoelectric figure of merit ZT .
While the temperature differential between electrodes
enhances, the system may shift to nonlinear regime of
action. For example, a thermovoltage that nonlinearly
alter with ∆θ was reported experimentally and theo-
retically on semiconductor quantum dots and single-
molecule junctions42–44. We focus on the charge and
spin Seebeck coefficients (Sch, Ssp) and their correspond-
ing figures of merit ZchT andZspT . It is widely known
that electron-hole asymmetry near the Fermi level in the
band structure or transport properties controls the ther-
moelectric effects. So one envisages that manipulating
such asymmetry would be applicable to find such a em-
inent thermoelectric effect in graphene junction. In the
following, we first address the linear regime.
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FIG. 4: (Color online) Charge and spin thermopower (left
and right top panels, respectively) and corresponding figures
of merit (left and right bottom panels, respectively) are given
as a function of µ/µF for different values of dimensionless
temperature kBT/µF . Here we set U/µF = 0, H/µF = 2,
kFL = 1 and the Seebeck coefficients are measured in units
of (kB/e).
A. Linear regime
In the calculations, all energy scaled with the Fermi en-
ergy µF and we set it as the unit of energy. Fig. 2 shows
the charge and spin thermopower (panels (a) and (b),
respectively) and corresponding figures of merit (panels
(c) and (d), respectively) as functions of scaled exchange
field H/µF for different scaled temperature kBT/µF .
We have set dimensionless gate voltage U/µF = 2, in
which the Fermi level lies in the conduction band. As
it can bee seen, at low temperature limit, here we mean
kBT/µF = 0.1 and 0.2, both charge and spin thermopow-
ers present an oscillation trend as a function of exchange
field. At zero exchange field, both S+ and S− have an
equal and negative contribution, so one expects a zero
spin Seebeck coefficient Ssp = 0, which is clear from the
result depicted in Fig. 2-(b). The total negative charge
Seebeck coefficient Sch < 0 is owing to a charge accu-
mulation gradient in the opposite direction of moving
electrons in the conduction band with both up and down
spins along the temperature gradient.
For all temperatures and exchange filed considered
here, except in the region 1.5 < H < 2.5 at low tem-
perature, both charge and spin Seebeck coefficients are
negative. It signals that even in the presence of the ex-
change filed the majority spin carries, here down spin,
from the conductance band dominates. For the middle
region 1.5 . H/µF . 2.5 at low temperature, the sit-
uation is reversed and the contribution of minority spin
carriers from the valence band dominates. In this region
the exchange field shifts the up spin subband’s Fermi level
to the valence band and cause the holes from spin down
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FIG. 5: (Color online) Charge and spin thermopower (left
and right top panels, respectively) and corresponding figures
of merit (left and right bottom panels, respectively) are given
as a function of µ/µF for different values of dimensionless
temperature kBT/µF . Here we set U/µF = 0, H/µF = 2,
kFL = 10 and the Seebeck coefficients are measured in units
of (kB/e).
subband to be thermally activated. These excitations
transfer positive charge current and so, has positive sign
contribution to the charge Seebeck while the moved spin
up electrons to the conduction band yet have a negative
contribution. It is also worth noting that at high tem-
peratures, the spin Seebeck coefficient is negative for all
exchange fields, while its charge counterpart still shows
a changing sign. Which it can be regarded as a pure spin
current caused by temperature gradient.
To get more insight, in Fig. 3 we consider the effect of a
different length. So as the previous case, here we have re-
peated our calculation with kFL = 10. The other param-
eters are same as the Fig. 2. Compare with the previous
case, kFL = 1, the profound effects are visible at low tem-
peratures. Interestingly, both the charge and spin ther-
mopower show an odd feature respect to the exchange
field Sc(s)(−H) = −Sc(s)(H) which reaches the maxima
on one side of the symmetric point H/µF = U/µF and
the minima on the other side. The corresponding figure of
merits also shows an enhancement about the symmetric
point H/µF = 2 which is profound at the low tempera-
ture limit. In current experimental situation, it is feasible
to find such a tunability of length in order to reach such
enhancement in the power output of the thermoelectrical
devices.
Fig. 4 shows the charge and spin thermopowers and
corresponding figures of merit as functions of scaled
chemical potential µ/µF for different values of dimen-
sionless temperature kBT/µF with length kFL = 1. The
charge Seebeck coefficient shows an odd function of µ/µF
in which reaches the maxima on one side of the symmet-
ric point µ/µF = 0 and the minima on the other side.
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FIG. 6: (Color online) Density plot of the charge (right column) and spin (left column) thermopowers versus dimensionless
exchange field H/µF and temperature kBT/µF . Top and bottom panels are correspond to the kFL = 10 and kFL = 1,
respectively. The dimensionless gate voltage is set as: U/µF = 2.
While the spin Seebeck coefficient is an even function of
µ/µF and can reach a minimum at µ/µF = 0, where the
charge Seebeck coefficient is zero, so it can be feasible to
obtain a pure spin thermopower. The physics behind the
generation of a pure spin thermopower backs to symmet-
rical shifts of different spin up and down subband about
µ/µF = 0, (see Fig. 1-c), in which S+(0) = −S−(0). It
is worth to mention that from the symmetry of spin-
dependent band energy εσ(µ) = −εσ(−µ), we have
S+(µ) = −S−(−µ) which leads to Sc(µ) = −Sc(−µ)
and Ss(µ) = Ss(−µ). The large spin Seebeck coefficient
is observed in the intermediate temperature, which even
can exceed its charge counterpart in magnitude.
Effects of different length are also addressed in Fig. 5.
It is clear, by comparing cases with lengths kFL = 1 and
kFL = 10, much more effect occurs at low temperature
limit in which the pure spin thermopower finds a big
reduction at the symmetric point µ/µF = 0, meanwhile
gets a big enhancement with sign changing about µ/µF =
±H/µF . A careful inspection reveals that at these two
points µ/µF = ±2, both Sc and Ss are zero, which can be
achieved when S+(±2) = S−(±2) = 0. It is also worth
noticing that at these points the spin figure of merit |ZTs|
finds magnitude more than 2.
Before closing the linear regime behavior and in order
to have a comprehensive discussion, in Fig. 6 we have de-
picted a density plot of the charge and spin thermopower
versus dimensionless exchange field H/µF and tempera-
ture kBT/µF . As is can be seen, the major effects happen
in the low temperature regime. In case with kFL = 10
(see two top panels), at very low temperature Sc (Ss)
shows a sharp sign change from negative (positive) to
positive (negative) at H/µF = U/µF . Increasing tem-
perature shifts this point to higher and lower magnitude
of the exchange field for the charge and spin thermopow-
ers, respectively. The white color line in the figures is
signaling zero thermopower which one can see with fine-
tunability of background temperature, and exchange filed
it would be feasible to find a large pure spin thermopower
without accompanying charge ones. For kFL = 1 case
(see two bottom panels), the situation is less regular and
at very low temperature one can see two times which Sc
and Ss change their sign. It is interesting that contrast
to the case with kFL = 10, Sc and Ss show the same sign
at very low temperature. While by increasing tempera-
ture the situation gets more complex for the charge ther-
mopower with zero magnitude which spin thermopower
finds big negative value.
B. Non-linear regime
Now we turn to the nonlinear regime. The ther-
movoltage can be determined from open-circuit condi-
6tion. Then, we define charge and spin thermovoltages
which can be obtained as ICharge(V
th
Charge,∆θ) = 0 and
ISpin(V
th
Spin,∆θ) = 0, respectively. Solving this equation,
we find the charge V thCharge and spin V
th
Spin thermovolt-
ages. Results are presented in Fig. 8. However, before
going through the results of thermovoltages, it would be
instructive to analysis the possible thermally activated
current (thermocurrent) in the structure. The charge
and spin currents are defined as
IthCharge(V,∆θ) = (I+ + I−)/2
and
IthSpin(V,∆θ) = (I+ − I−)
where V is biased voltage applied across the junction
which we put zero (V = 0) in our calculations to take
consider just thermally excited flow of charge carriers.
We depict our numerical results for some parameters in
Fig. 7. With increasing ∆θ/µF , for case with kFL = 1
(see right column) both charge and spin currents magni-
tude increase in a nonlinear fashion. In case with KFL =
10 (see left column) situation is different. Depends on
the exchange field magnitude, shifts the up and down
spin subbands on conduction and valance bands or leave
them on the conduction band, charge and spin currents
show a minimum value at intermediate ∆θ/µF . Further
increase of the temperature difference reduces the cur-
rent magnitude and reach zero. Subsequent growth of
the temperature difference leads to emergence of current
with the reversed polarity.
Having the current, here thermocurrent, one can find
the thermovoltage with solving Ith(V th,∆θ) = 0. Re-
sults for case in which the exchange filed is grater than
the gate voltage H > U are plotted in Fig. 8. As it can
be seen, V thCharge and V
th
Spin are showing an opposite re-
sponse to the temperature difference in such a way that
with increasing ∆θ, charge(spin) thermovoltage increases
and reaches maximum(minimum). Further increase of
the ∆θ reduces thermovoltages till reach zero magnitude
(V th = 0) at a certain value of temperature difference
∆θ. Subsequent growth of the ∆θ leads to emergence of
the thermovoltages with the reversed polarity.
The thermovoltage reversal polarity would be ex-
plained as follows. Let’s assume that chemical potentials
of the electrodes in the unbiased system µL = µR = 0,
and the charge carriers are electrons, temperature dif-
ference in across the junction leads to the flow of elec-
trons from the left (hot) to the right (cool) electrode. To
suppress this thermally induced current, a negative ther-
movoltage establishes which grows in magnitude as ∆θ
increases. Meanwhile, as the ∆θ rises, the Fermi distribu-
tion function shape of the left (hot) electrode is getting
partially smoothed out. This opens the way for holes
to flow to the right(cool) electrode. At a certain value
of temperature differential the hole flux completely com-
pensates the electron flux. So, at this value of temper-
ature difference, the thermally induced electric current
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FIG. 7: (Color online) Charge (blue dashed line) and spin (red
dotted line) thermocurrent given as functions of temperature
difference ∆θ for a set of parameters which indicated in each
panel. In all cases we fixed the dimensionless gate voltage as
U/µF = 2. Right and left columns correspond to the kFL =
10 and kFL = 1 cases.
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FIG. 8: (Color online) Charge (left panel) and spin (right
panel) thermovoltage as functions of temperature difference
∆θ. We fixed the dimensionless gate voltage and exchange
field as U/µF = 2 and H/µF = 3, respectively.
disappears at V th = 0. As it can be seen, for shorter
junction the point which thermovoltage find zero magni-
tude, shifts to higher temperature difference.
Before concluding, we comment on the realization of
our funding. Setting µF = 1meV and considering kFL =
1 and kFL = 10, needs a ferromagnetic junction with
7lengths around 1µm and 0.1µm, respectively. In which
both lengths are smaller than the spin relaxation length
and feasible in present experimental devices37. The ex-
change field and chemical potential are tunable by in-
plane external magnetic field45,46 and external gate47,
respectively. Based on our choose µF = 1meV , the val-
ues of U and H in the range of 1 − 10meV is required
which is accessible by the current experimental appara-
tus.
IV. CONCLUSION
In summary, using wave function matching approach
and employing the Landauer-Buttiker formula a ferro-
magnetic graphene junction with temperature gradient
across the system, is studied. We calculate the ther-
mally excited charge and spin current as well as the ther-
moelectric voltage (Seebeck effect). We have found the
system under consideration is sensitive to temperature
and system length. Different lengths considered (namely
L = 0.1µm and L = 1µm) here, are studied in ballistic
(quantum) regime and a profound effects are obtained.
Albeit, it seems for length L = 1µm, the diffusion pro-
cesses should be taken into account. So much work is
required to study the system behavior in the crossing
from the diffusive regime to the quantum regime. But,
as long as the phonon contribution is not important in
the Seebeck effect, we do not expect a profound effect
will emerge.
Our calculation also revealed that owing to the
electron-hole symmetry the charge Seebeck coefficient is,
for an undoped magnetic graphene, an odd function of
chemical potential while the spin Seebeck coefficient is
an even function regardless of the temperature gradient
and junction length. Another important characteristic
of thermoelectric transport, thermally excited current in
the nonlinear regime, is examined. It would be our main
finding that with increasing thermal gradient applied to
the junction the spin and charge thermovoltages decrease
and even become zero for non zeros temperature bias.
We have also found with an accurate tuning external pa-
rameter, namely the exchange filed and gate voltage, the
temperature gradient across the junction drives a pure
spin current without accompanying the charge current.
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